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{Communicated by E . J. Bowen, F . R -Received 7 February 1944) T h e m olecular m odel considered is w ith a te tra h e d ra l d is trib u tio n o f valencies ro u n d th e a to m X. T his s tru c tu re applies to th e dim eric trih a lid e s o f alu m in iu m , in d iu m a n d gallium , a n d to th e h y d rid e s B 2H 6 a n d G a2H 6. S y m m e try classes a n d selection rules a re given, follow ed b y e q u a tio n s for th e n o rm a l v ib ra tio n frequencies d eriv ed from a valency-force tre a tm e n t, ta k in g in to a c c o u n t th e in te ra c tio n s b etw een u n lin k e d a to m s in th e ring. A special tre a tm e n t is n ecessary for th e b en d in g v ib ra tio n in w hich th e p o te n tia l en erg y is p ro p o rtio n al to th e fo u rth pow er o f th e d isp lacem en t. T he observed in fra-red a n d R a m a n sp e c tra o f d ib o ran e can be sa tisfa c to rily assigned on th e basis o f th is m odel, fifteen o u t o f th e sev en teen a ctiv e fu n d a m e n ta ls being o bserved. T hese fifteen frequencies are p re d ic te d w ith a n av erag e erro r o f 2 % a n d a m ax im u m erro r o f 6 % b y th e in sertio n o f six a d ju s ta b le fo rce c o n sta n ts in th e th e o re tic a l eq u atio n s. T he o bserved a n d calcu lated v ib ra tio n frequencies are used to calc u late th e specific h e a t o f d ib o ran e in th e range 100-300° K . T he calc u la te d values agree w ith ex p erim en t, e x cep t for a sm all d is crep an cy a t th e h ig h est te m p e ra tu re w hich ca n be reaso n ab ly a c co u n ted for.
T he above resu lts p ro v id e stro n g evidence t h a t d ib o ran e h as a bridge configuration ra th e r th a n one resem bling e th a n e . T he fo rce-co n stan ts o b ta in e d show th a t th e te rm in a l B -H links are n o rm al single bonds, w hile th e bo n d s form ing th e b ridge a re consid erab ly w eaker. T his is in h arm o n y w ith th e g re a te r len g th o f th e bridge links, a n d th e sm all n u m b e r o f electrons av ailab le for th e ir fo rm atio n . I t is concluded th a t th e h y p o th e tic a l reac tio n 2B H 3-> B 2H 6 involves th e ab so rp tio n of a t lea st 15 kcal./m ol.
A sim plified form o f th e freq u en cy e q u atio n s is used to calc u late th e R a m a n frequencies o f th e dim eric halides o f alu m in iu m . T he resu lts are in se m i-q u a n tita tiv e ag reem en t w ith th e observed frequencies, a n d lead to a n assig n m en t w hich is co n sisten t w ith th e observed in ten sities.
I n t r o d u c t i o n
The only vibrational analysis so far carried o u t for molecules of form ula X 2Y6 relates to the ethane structure Y3X . X Y S, w ith or w ithout free rotation of th e X Y 3 groups. This model will apply to ethane itself, to Si2H 6, and to the hexa-halogen derivatives of these compounds. There is, however, an alternative structure for a molecule X 2Y6, in which two of the F atom s form a bridge between the X atoms, i.e.
There is direct evidence th a t this structure is the correct one for the dimeric trihalides of aluminium, indium and gallium (Palm er & E lliott 1938; Erode 1940) , and it probably also applies to other dimeric halides such as F e2Cl6 and Au2C16. Moreover, it has been recently shown (Longuet-Higgins & Bell 1943) th a t diborane, B 2H 6, and the recently discovered Ga2H 6 (Wiberg & Johannsen 1942) probably also have a bridged structure. Experim ental data are available for the R am an spectra of the aluminium halides, and for both R am an and infra-red spectra of diborane. I t therefore seems w orth while to carry out a quantitative treatm en t of th e vibrations of the bridged molecule. S y m m e t r y p r o p e r t i e s In m ost of the molecules m entioned above, the valencies of th e X atom s are probably tetrahedrally disposed, so th a t th e molecule X 2Y6 is non-planar. In a few cases (e.g. Au2C16) the valencies, and hence th e whole molecule, are probably planar. In either case the molecule belongs to the sym m etry group like ethylene. Since the ethane structure has sym m etry Dzh or D 3d th e provide a useful criterion for deciding between the ethane and the bridge structures.
In the present paper we shall deal only w ith th e non-planar model. The sym m etry characteristics of th e molecule are then conveniently tak en as three planes a t right angles: crx through th e two central Y atom s and perpendicular to th e line joining the X atoms, cry containing the two X atom s and the four term inal Y atom s, and crz containing the two X atom s and th e two central T atom s. The sym m etry classes, selection rules and num ber of vibrations in each class are given in table 1, th e symbols used being those of Placzek (1934) . I t will be seen th a t there are no degenerate frequencies, and th a t no vibrations are active both in th e R am an and in the infra-red spectrum . In both these points there is a co ntrast w ith the ethane model of sym m etry D.ih or D zd. Figure 1 illustrates approxim ately th e character of th e vibrations listed in table 1, assuming th a t the bending force constants are considerably sm aller th a n the stretching ones. The ring is perpendicular to the plane of the paper, and the signs + and -represent m otion o u t of and into this plane respectively. No atte m p t has been m ade to show all the m otions of any given vibration. as as s R a m a n (dp)^6 V 1 Blu s s as in f r a -r e d (Mz)^9 ^10 g as s as R a m a n (dp)
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The nom enclature used for the dimensions of the molecule a t rest is shown in figure 2 . M a n d m represent the masses of X and Y respectively, and it is convenient to distinguish the central Y atom s by th e symbol Y '. The expression assumed for the potential energy is
which will apply to any of th e norm al vibrations listed in tab le 1. O f th e force con sta n ts in equation (1 ),/! an d / 2 refer to bond-stretching, th ere being tw o different constants because th e linkage betw een X and Y in term inal linkages. Similarly, th ere are th ree different bending force constants (dv d2 and d4) for valencies attach ed to X , an d one (d3) for valencies attach ed to Y '.
These six constants are all th a t is required in a simple valency-force trea tm e n t for th e bonds shown in figure 2, b u t we have added th e term s in gx an d corresponding to interactions between th e pairs of opposite atom s in th e ring. A lthough th e ordinary valency picture represents these atom s as unlinked, th e y are likely to be m uch closer together th a n is common for unlinked atom s, an d th eir interactions m ay be considerable. These term s only en ter into vibrations of th e class since in all other classes th e distances X X an d Y ' Y ' rem ain unch R. P. Bell and H. C. Longuet-Higgins F ig u r e 2 I n deriving th e equations for th e norm al vibration frequencies we have used tw o sets of co-ordinates: (a) th e C artesian co-ordinates of th e atom s, an d (6) th e bond lengths and angles. In th e absence of degeneracy either set are satisfactory sym m etry co-ordinates, and th e secular equation factorizes so th a t each sym m etry class can be trea ted separately. The equation for each class has been derived independently in both sets of co-ordinates, agreem ent between th e tw o m ethods constituting a valuable check on th e rath e r involved algebra. I t is convenient to introduce th e following abbreviations:
The normal vibrations of bridged X 2Y 6 molecules
The equations for th e frequencies of th e norm al vibrations are th e n as follows W agner (1942) have recently given expressions for th e R am an frequencies of a simplified ty p e of bridged molecule, and a later paper (W agner 1943) gives corrections to these expressions and extends the trea tm e n t to the in fra red frequencies. They consider a molecule in which all th e bond lengths are equal an d th e valencies of th e atom X are directed tow ards th tetrahedron. Their expressions should therefore be obtainable from ours (allowing for differences of notation) by p u ttin g a = is agreem ent, b u t we believe their expressions for and B<iu to be in error. The correct equation for B 2g is (in their notation)
In th e case of B 3u th eir equation involves a fundam ental error, since it do /s contain the bending force constant for th e angle Y X Y ( in bo th notations). K ohl rausch & W agner have not given explicitly th e equation for class A lg, b u t we agree w ith their (corrected) expression for th e secular determ inant.
T h e f o u r t h -p o w e r v i b r a t i o n In the above trea tm e n t th e frequency v10 of class B lu comes out as zero, since for a first-order infinitesimal displacem ent th e angles and the distances undergo only second-order changes. I t has been shown elsewhere (Bell 1944) th a t in this ty p e of ring-bending the potential energy of th e system is proportional to th e fourth power of the displacem ent, and the theory of such ' fourth-po wer vibrations ' has been con sidered. F or a single particle of mass m having a potential energy given by V (#) = A x 4 it was shown th a t the lowest spectrum frequency v0 is given by v0 = 0-163(M /m 2)*. This equation can be used to calculate th e frequency v10 in th e molecule X 2Y3, provided th a t some simplifying assum ptions are made. In th e first place, it is necessary to tre a t th e fourth-pow er vibration as a separate problem , divorced from th e other vibrations of the molecule. Secondly, the term inal X Y 2 groups are con sidered to move as a whole w ithout distortion. There is no strict justification for either of these simplifications, b u t th ey are both physically reasonable provided th a t th e fourth-pow er frequency is considerably lower th a n th e other frequencies of th e sy stem : this is likely to be so in practice. I f th e X Y 2 groups undergo an arb itrary small displacem ent z perpendicular to the plane of the ring, then th e vibration of the ring can be described by the following scheme of displacem ents:
where q = ( M + 2m)/m, an d Ax an d A2 are param eters to be determ ined subseque The changes in distances an d angles for small z can th en be obtained from th e ordinary geom etrical expressions b y expanding in powers of 2 an d rejecting higher powers. The results a re :
The normal vibrations of bridged X 2Y6 molecules
I n term s of th e force constants already defined, th e potential energy is th en given by
2d "1 + -^ {(i + g)2 C 1 + 2sf Ai -2 sx A2}2 + 4 Af + 4 AfJ = Az\ (7)
whence Ax and A2 are determ ined by minimizing V, i.e. putting
The kinetic energy is to the same approxim ation
Comparing this w ith equation (4) for a single particle, then { hA
where A is defined by (7) in term s of known quantities. I t should be noted th a t v10 no longer belongs strictly to the sym m etry class B Xu, and its activity is thus not restricted to the infra-red spectrum. However, its R am an activity is likely to be weak, since the relevant changes in distances and angles are of the second order, compared w ith the first-order change in electric moment.
A p p l i c a t i o n t o t h e s p e c t r u m o f d i b o r a n e
Experimental data. The R am an spectrum of liquid diborane has been studied by Anderson & Burg (1938) , and th e infra-red spectrum of the gas by S titt (1941). The results obtained are given in the first three columns of table 2. (Two of th e R am an T a b l e 2 . I n f r a -r e d a n d R a m a n s p e c t r a o f d i b o r a n e in f r a -r e d s p e c tr u m (obs.) c m .-1 u n c e r t a i n t y i n t e n s i ty a s s ig n m e n t shifts originally recorded were later a ttrib u te d to m ercury lines.) In th e infra-red spectrum the low resolving power used m akes it difficult to determ ine th e ban d contours w ith certainty. However, three of the bands appear to be of the parallel type, and for these the positions of the three branches are given in the table. In other cases only the centres of the bands are recorded. Bands in the range 3000-6000 cm.-1 have not been included in the table, since their positions are not known with sufficient accuracy to permit of any certain assignment. They will all be combination frequencies, and all of them can be accounted for in several different ways.
Frequency assignments for the ethane model. Attempts to analyse the vibrational spectrum on this basis (Stitt 1941; Bauer 1942) have not been very successful. The observed spectrum is much more complex than th at of ethane, and in particular there are too many strong lines observed in the region corresponding to B-H bond stretching (2000-3000 cm.-1). This difficulty appears in a simple form in the Raman spectrum, where the two most intense frequencies, 2102 and 2523, must both be attributed to totally symmetrical fundamentals, though the ethane model predicts only one stretching frequency of this type. Moreover, the infra-red spectrum contains eight bands which appear to be strong enough for fundamentals, compared with five predicted by the ethane model, and of these the one at 412 cm.-1 is much too low to be readily accounted for. In order to meet these difficulties Stitt (1941) has postulated the existence of one or more low-lying electronic levels in diborane, and has given two alternative frequency assignments on this basis. However, these assignments still involve difficulties, and there is no independent evidence for the existence of low-lying electronic levels in diborane or in similar molecules. Anderson & Burg (1938) have suggested th at the two Raman fines 2102 and 2523 may represent a resonance splitting, but it is most unlikely th at a separation as great as 421 cm.-1 could arise from this cause.
Frequency assignments for the bridge model. As previously mentioned (LonguetHiggins & Bell 1943) these difficulties disappear if the bridge formula is adopted for diborane. The absence of degeneracy allows eight distinct frequencies to appear in the infra-red (see table 1), and the low frequency 412 is naturally interpreted as the fourth-power bending vibration r10. Moreover, there are now two totally symmetrical types of bond-stretching (iq and vz) to be allotted to the Raman frequencies 2102 and 2523.
Most of the fundamental frequencies can be allotted with little ambiguity, and some information is given by the infra-red band contours. The bridge structure for B2H6 is approximately a symmetrical top, the moments of inertia about the y and z axes differing by less than 10 %, and it may therefore be expected that the bands can be classified as parallel (B3u) and perpendicular (Blu and B 2u ). The expression given by Gerhard & Dennison (1933) predicts a separation of about 40 cm.-1 between the P and JR branches, which agrees approximately with the bands marked as parallel in table 2. The apparently parallel character of the band at 412 cm.-1 is at variance with its allocation as v10 of B lu, but this region of the spectrum is very near the limit of transparency of the prism used, and the contours are uncertain: more over, v10 is not an ordinary harmonic vibration, and we shall see later that there are other possible reasons for the structure of this band.
The assignments are most readily made by dividing the normal vibrations into the following categories. (The hydrogen atoms in the ring will be distinguished as H').
(а) Stretching of terminal B-H links (rl5 vu , v16) . The vibrational f of the spectroscopic molecule BH is 2366 (King 1938), and the B-H stretching fre quency in triborine triamine, B3N3H6, is 2535 (Crawford & Edsall 1939) . We should therefore expect these frequencies to lie in the range 2300-2700, with vl -(cf. figure 1) . From its intensity v1 = 2523, leaving vu = 2489. In the infra-red v16 (-vx) = 2558, leaving 2353 or 2625 for Of these two frequencies only the first can be satisfactorily interpreted as a combination tone, so th at we have assumed v8 = 2625. r 16 should be a parallel band, but this would probably escape detection owing to the low resolving power.
(б) v6, vlz, vl7) . These frequencies will be somewh those of type (a), since the linkage B-H' will be weaker than the terminal B-H link. The intense Raman fine 2102 is clearly the totally symmetrical v2, and 1608 (parallel) = v17. This leaves iq3 = 1861 in the infra-red, while v6 is probably not observed. (c) B-B vibration ( v4 ). This differs from type (6) in th at the B-H' li slightly stretched, while the forces between unlinked atoms in the ring come into play. No prediction of frequency can be made, but the vibration should appear strongly in the Raman spectrum and should show a marked separation for the isotopes B10 and B11: hence it is identified as the triplet 793, 806, 821. The component at 821 is broad and is considerably more intense than would be expected from the relative abundance of the isotopes, and it is likely th at there is a second Raman frequency at this point.
( v12, vu , vl5, v18) . By analogy with other compounds of hydrogen these frequencies should lie in the neighbourhood of 1000. They can be further classified as twisting (p5 and v15), deformation (v3 and y18), rocking (v9 and v12 1938). The twisting frequency vb is inactive, and v15 is likely to appear very weakly if at all. v3 and v18 both involve changes in the angle HBH; v8 sho intense Raman frequency in this region, and v18 a parallel band. Clearly 1180 xv and v18 = 1178. The remaining frequencies involve only changes in the angle HBH', and presumably include 821 and 1008 in the Raman spectrum, and 981 in the infra red. A closer assignment can only be made by appealing to the equations (3), which show that v1 > v12 and v9 > vu , for any reasonable values of the force c suggests v12 = 821, v7 = 1008, the diffuse character of the latter being in accord with the considerable isotope effect (ca. 20 cm.-1) predicted by equation (3) B lg. There are only weak infra-red bands between 412 and 981, so that vu = 981. The remaining frequency v9 might be any one 6f the bands of medium intensity 1292, 1377 or 1405. In choosing v9 = 1405 we have been guided by the results of the quantitative treatment in the next section.
d) Angular motion of terminal B-H groups
The above assignments account for fifteen out of the seventeen active funda mentals, and one of the two missing frequencies would be expected to have low Raman activity. Moreover, fourteen of the fifteen assignments relate to observed frequencies described as 'stro n g ', an d there is only one such observed frequency (2353) which cannot be in terp reted as a fundam ental. The high in ten sity of this b an d m ay be related to th e close coincidence betw een + v18 = 2358, = 2360, 2i> 18 = 2356. The com bination tones assigned in table 2 involve only observed fundam entals, and are allowed by th e selection rules derived from table 1. An alternative explanation of th e weak infra-red frequencies 831 and 2134 is to identify them w ith th e fundam ental R am an frequencies 821 and 2102, since in th e unsym m etrical molecule B 10B 11H 6 these could appear weakly (and w ith slightly enhanced frequency) in th e infra-red spectrum . F u rth er alternative assignm ents for com bination tones are considered a t th e end of th e n ex t section.
Application of normal co-ordinate treatment. The general equations (3) contain eight force constants, b u t in th e case of diborane it is reasonable to reduce this num ber to six by p u ttin g dz = g2 = 0.
dz refers B H 'B , and th e two links attach ed to hydrogen would n ot be expected to have directional properties. Similarly, g2 refers to th e inter linked H ' atom s in th e ring, which is likely to be small com pared w ith th e interaction betw een th e boron atom s, represented by gv We have also assum ed th e value / 2 = 3-42 x 105 dynes/cm . derived by Crawford & Edsall (1939) for B -H stretching in triborine triam ine, since th e term inal links in diborane should be norm al single bonds. The equations also contain th e dimensions of the molecule, for which we have tak en th e values derived from electron-diffraction d ata (Longuet-Higgins & Bell 1943), i.e. a m 1-39 A, b = 1-18 A, 6X = 50°, = 60°. There then rem ain five adjustable force constants to be derived from the observed fundam ental frequencies. Of these, th e m ost difficult to fix is d4 (or the related ds), which occurs in th e equation for every sym m etry class. We have chosen the value d4 = 0*302 x 105 dynes/cm. as giving th e best general representation of the observed bending frequencies. The remaining four force-constants were then derived by assuming successively vlz = 1861, v17 = 1608, vls = 1178, v4 = 793, when all th e remaining frequencies could be calculated.
The force constants obtained are given a t th e head of table 3, followed by th e calculated and observed frequencies. The former are given to th e nearest 5 cm.-1, and those observed frequencies which were used in deriving the force constants are in parentheses. The m ean deviation between calculated and observed frequencies is 2 %, and the maxim um deviation 6 %. Still b etter agreement could be obtained by abandoning the assum ption dz = gz = 0: for example, if g2 -0*3 the discrepancy of 6 % for v2 disappears, and v4 is increased by only 2 %. However, it does not seem w orth while to make any further adjustm ents, since the agreement shown in table 3 is quite as good as has been previously obtained for molecules of comparable com plexity, using a valency-force potential energy function w ithout cross term s. More over, the calculated bending frequencies are rath er sensitive to the values taken for the angles 0X and Q2 and the ratio b/a, and it is unlikely th a t these quantities are given to better th an ± 5 % by the electron diffraction data (cf. D iatkina & Sirkin 1942) . f i = h = 1 0^ = 10d2 = 10d3 = 10d4 = 2-5 x 105, gx = g his calculated frequencies do n o t agree even qualitatively w ith th e observed spectrum of diborane. This is chiefly because (as already m entioned) his equations for classes B 2g and B Zu are incorrect, which leads him to identify th e observed b an d a t 412 w ith v18, and to assume th a t v10 is n o t observed.
The fourth-pow er frequency v10 calls for special com ment. W hen th e above values of th e force constants are inserted in equations (7) an d (9) we find v = 266 cm .-1 for th e lowest spectrum frequency, which is too low to be observed directly in th e infra-red. I t is of course possible th a t this calculation is considerably in error, b u t it seems more likely th a t th e observed b an d centred a t 412 is an overtone of this same vibration rath e r th a n th e fundam ental. In a harm onic vibration th e transitions 0«-* 1, 1 2, 2<-> 3, etc., all give the same spectrum frequency, b u t in a fourth-pow er vibration these frequencies are in th e ratio 1:1-32 :1-53: 1*69: 1*82, etc. (Bell 1944) . I f th e lowest frequency is in fact 266, this would produce a series of bands a t 266, 350, 407, 450, 484,.etc ., of which th e th ird agrees well w ith th e observed frequency of 412. Moreover, it is easy to show th a t th e intensities of th e first two overtones will be com parable w ith th a t of th e fundam ental. In a given mass of gas th e in teg rated intensity of an absorption b an d for th e tran sitio n is proportional to can be com puted from th e wave functions previously derived (Bell 1944), giving 1:0-69:0-21 for th e relative intensities of th e bands a t 266, 350 an d 407. A bsorption decreases slowly on the short-w ave side of th e observed b an d an d is still perceptible a t 500 cm.-1: this can be attrib u te d to the superposition of bands of decreasing The normal vibrations of bridged XgYg molecules in ten sity corresponding to th e tran sitio n s 3-> 4, 4-> 5, etc. The ap p aren tly parallel n atu re of th e observed b an d could easily arise from th is complex stru ctu re in con ju nction w ith th e isotope effect.
The details of this in terp retatio n could only be satisfactorily tested b y obser vations w ith higher resolving pow er an d a t lower frequencies. F o r exam ple, if th e lowest frequency were 310 cm .-1 instead of 266 cm .-1 th e observed b an d a t 412 would be th e first ra th e r th a n th e second overtone. On th e other hand, even if we a tta c h no w eight to th e calculated value of 266 it does n o t seem likely th a t 412 is a fundam ental, since such an assum ption would predict specific h eats which are considerably too low over th e whole tem perature range (cf. n ex t section).
The calculated values for v5, v6 and v10 lead to some additional assignm ents for com bination tones, e.g. In th e cases m arked * the selection rule for B lu is violated, b u t, as already indicated, th e fourth-pow er vibration v10 does n o t strictly belong to this sym m etry class. I t m ay be observed th a t th e assum ption v10 -310 (with th e observed 412 as its first overtone) leads to a somewhat more satisfactory interp retatio n of com bination frequencies.
The specific heat of gaseous diborane has been m easured over th e tem perature range 100-300° K (S titt 1940). In order to account for th e observed values on th e basis of th e ethane structure it was necessary to assume th a t th e ro tatio n of the -B H 3 groups is restricted by a barrier of either 5000 or ca. 15,000eal./mol., according to th e assum ptions made about th e supposed low-lying electronic states (S titt 1941). B oth figures are higher th an the value usually accepted for ethane (ca. 3000 cal./mol.), which is surprising, since the hydrogen atom s are further a p a rt in diborane th a n in ethane, and it is unlikely th a t the B-B link would have any double-bond character.
I t is therefore of interest to use the frequencies in table 3 to calculate the specific h eat of the bridge structure. This can be done w ithout introducing any adjustable param eters, since the calculated values can be used for the inactive frequency v5 and the unobserved frequencies v6 and r 15. The standard harmonic oscillator expres sion has been used for all the frequencies except the fourth-power vibration v10. The contribution of this vibration was calculated as previously described (Bell 1944) , assuming the lowest spectrum frequency to be 266 cm. The agreem ent is satisfactory, except a t the highest tem perature, where the cal culated specific heat is som ew hat too low. P a rt of this discrepancy is probably due to neglect of anharm onicity, which would produce too low values for cv. A nharm onicity is particularly m arked in hydrogen compounds and is likely to produce an appreciable correction even a t 300° K for the eight frequencies below 1200 cm .-1. A correction corresponding to an effective lowering of each of these frequencies by 5 % would be sufficient to remove th e discrepancy a t 300° K . I t is of course also possible th a t th e unobserved tw isting frequencies v~ and iq5 are n o t correctly predicted by the angular force constant dA derived from other types of vibration. I f these two frequencies are reduced by about 25 % the observed specific heats are reproduced w ithin experim ental error w ithout m aking any anharm onicity correction. 6-35 ± 0 2 6-90 ± 0 -2 8-15 ± 0 -1 9-80 ± 0 -1 11-60 ± 0-2 c a lc .
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T h e v a l e n c y s t r u c t u r e o f d i b o r a n e
The last two sections can be sum m ed up by saying th a t th e observed v ib ra tional spectrum of diborane is in excellent qualitative and q u an titativ e agree m ent w ith the predictions of the bridge model, while th e specific h eat results are com patible w ith the same model. This strengthens th e evidence previously given (Longuet-Higgins & Bell 1943) in favour of the bridge configuration of diborane. The values of the force-constants given in table 3 also provide m aterial for speculation as to the n ature of the links involved in the bridge structure.
The term inal B-H stretching vibrations are well represented by the same force c o n s ta n t/2 used by Crawford & Edsall (1939) for triborine triam ine, th u s confirming the assum ption th a t th e term inal links are norm al single bonds. On the other hand, th e c o n s ta n t/j , referring to the B -H ' link in the bridge, is less th a n h alf as great as / 2, as would be expected if the bridge linkages are one-electron or resonance bonds. According to the relation proposed by Douglas Clark (1934) the ratio of the distances B -H and B -H ' should be (3-42/1-43)* = 1-16, agreeing w ithin experim ental error w ith the electron-diffraction value of 1-39/1-18 = 1*18. The bending force constants cannot be directly com pared w ith any data, b u t dA and are close to the values 0-35 and 0-23 given by Crawford & Edsall for planar and non-planar bending in the system H-B-N. On the other hand the constant dx is considerably smaller, in harm ony with, the fact th a t it refers to the angle between two B -H ' links, which (w hatever their exact form ulation) contain only two electrons between them .
The value obtained for gl (representing interaction between th e boron atom s) is an upper limit, since it involves the assum ptions 0, b u t its value cannot be less th an about 1-5 x 105 dynes/cm . on any reasonable set of assum ptions. In any event, gx is less th an half as great as would be expected for a B-B link, thou it seems ra th e r large to represent an interaction betw een tw o unlinked atom s. I f th e bridge structure ^>B<^ is t° be represented as a resonance hyb rid of norm al valency states, th e relatively high value of g1 could be related to th e occurrence of \ H\ / structures such as J>B+ / B_\ am ong these states. However, it should be noted th a t in a recent analysis of th e vibrational spectrum of cyclo-butane (Wilson 1943) th e potential function derived contains large cross-terms which are physically equivalent to interactions betw een unlinked atom s. The diagonal distance in th e cyclo-butane ring is 2-16 A (compared w ith 1*79 A in diborane), an d it would n o t be generally supposed th a t th e stru ctu re of this molecule involves any resonance states w ith charges on opposite carbon atoms. In our opinion, therefore, the force constants which we have derived do n o t provide any evidence for th e predom inance of ionic states in th e diborane molecule, as proposed by Sirkin & .D iatkina (1941) . The whole question is to some ex ten t a form al rath e r th a n a real one, since th e representation of th e bridge linkage as a resonance hybrid is a t best an artificial w ay of representing th e actual electron distribution. A b etter picture of th e tru e state of affairs m ight be obtained by treating the four-electron system \ b+ H + H + b y th e molecular orbital m ethod, which has n ot y et been attem pted.
I t is also possible to estim ate a lower lim it for th e energy absorbed in the hypo thetical reaction B 2H 6-> 2BH3. Experim ent shows th a t although diborane is a very reactive substance a t ordinary tem peratures and often produces compounds containing th e B H 3 group, its vapour density indicates no signs of dissociation into 2BH 3. I t is therefore safe to assume th a t < atm . a t 300° K, i.e. AF300>4*2 kcal./mol. On the other hand, we can estim ate th e value of on theoretical grounds. In the molecule B 2H 6 v10 is the only frequency low enough to contribute appreciably to the free energy a t room tem perature, and in B H 3 the vibrational contribution can presum ably be neglected. Thus in the reaction B 2H 6-> 2BH3 three translational an d three rotational degrees of freedom are formed from six vibrations, five of which contribute nothing to th e free energy. The value of A F can then be derived from th e stan d ard expressions, using the dimensions already given for B 2H 6 and assuming B H 3 to be a planar molecule w ith B-H = 1 • 18 A. The result is AFS00 -AE0 = -9-4 kcal./mol., where AE 0 is the energy ch absolute zero. Combining this w ith the experim ental result for A F we find A E0 > 13-6 kcal./mol. as a lower lim it for the energy of dissociation of B 2H 6 into 2BH3.
T h e R a m a n s p e c t r a o f t h e a l u m i n i u m h a l i d e s These spectra have been m easured in the fused state by Gerding & Smit (1941) and by Rosenbaum (1940) . Their data are given in table 5. Since the infra-red frequencies are not available, it is impossible to carry out such a detailed analysis as for diborane, b u t a reasonably certain assignment can be made by using a sim-plified form of th e valency-force equations. W e have calculated th e R am an fre quencies of-classes A lg, B lg, B 2g an d B Zg from equations (3) assum ing a = 6, 20x = = 109°,
The values obtained are given in tab le 6, together w ith th e suggested assignm ents of th e observed frequencies. There is of course no exact agreem ent betw een th e observed and calculated frequencies, b u t th e general p a tte rn of th e observed spectra is well reproduced by th e simplified equations. The tre n d of th e values shows th a t b etter agreem ent would be obtained if th e force constants were assum ed to decrease in passing along the series A12C16, Al2B r6, A12I 6; th is is w h at would be expected on chemical grounds.
w ith th e fundam entals 340 an d 146 respectively.) I t is also likely th a t th e weak lines 291 (Al2B r6) and 195 (A12I 6) are n o t fundam entals, since th ey differ g reatly from th e calculated values, an d can be represented as 176+112 = 288 an d 146 + 53 = 199 respectively. The tru e fundam entals of v6 for Al2B r6 an d A12I 6 m ay be obscured by vn . The only unsatisfactory feature of th e above scheme is th a t th e lines assigned to vt an d vn for A12C16 are described respectively as depolarized an d polarized, while in theory th e reverse should be th e case (cf. tab le 1). The degree of polarization recorded for 506 is only 0-3, so th a t this objection is n o t a decisive one, b u t it is possible th a t th e assignm ents of iq an d i>u should be reversed.
K ohlrausch & W agner (1942) have given assignm ents for th e alum inium halides which differ considerably from ours, though th ey were arrived a t by a similar tr e a t m ent. This is because three of th e ir four frequency equations contain errors, which led them to suppose th a t v12 was n o t observed, and to in terp ret two of th e strong observed lines as com bination tones.* K ohlrausch & W agner have also m easured th e R am an spectra of C2C16 an d alum inium trim ethyl. I f th e C2C16 spectrum is com pared w ith those of th e alum inium halides, th e differences in general p a tte rn are so m arked as to exclude an ethane-like structure for th e la tter: this agrees w ith th e results of electron-diffraction m easurem ents (Palm er & E llio tt 1938; Brode 1940) .
In th e spectrum of alum inium trim eth y l the higher frequencies can be a ttrib u ted to internal m otions of th e CH3 groups, while th e low-frequency end of the spectrum differs considerably from th a t of C2C16 an d shows some resemblance to th e alum inium halide spectra. K ohlrausch & W agner have concluded th a t dimeric alum inium ever, in this case, electron-diffraction m easurem ents (Brockway & Davidson 1941) are definitely in favour of an ethane rath er th a n a bridge structure. Moreover, the evidence for th e existence of a definite species Al2Me6 is n o t strong, since although th e m easured vapour (Laubengayer & Gilliam 1941) corresponds roughly to d i m erization a t th e lowest tem perature used, th e plot of apparent molecular weight against tem perature has n ot flattened out, suggesting th e existence of higher poly mers. We have therefore n o t attem p ted to in terp ret the spectrum of this compound.
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The dissociation energies of CO, N 2, NO and CN B y A. G. G a y d o n a n d W. G. P e n n e y
Im perial College o f Science and Technology,
(1 Communicated by S ir Alfred Egerton, -Received 30 M arch 1944) N o prev io u s set o f valu es o f th e d issociation energies o f CO, N 2, N O a n d CN c a n b e re g a rd e d as sa tisfa c to ry unless v io latio n s o f th e n on-crossing ru le a re p o s tu la te d as possible. T he B irge-S poner m e th o d o f e x tra p o la tin g v ib ra tio n a l e n erg y levels to th e d isso ciatio n lim it is discussed. B y assu m in g t h a t th e in te n sity v a ria tio n s in th e F o u rth P o sitiv e b a n d s o f CO, u su ally reg ard ed as d u e to a p red isso ciatio n , a re rea lly p e rtu rb a tio n s, a n d b y a d o p tin g a n a lte rn a tiv e in te rp re ta tio n to th e com m only a c c e p te d one fo r th e p red isso ciatio n in th e F ir s t P o sitiv e b a n d s o f N 2, it is possible to reconcile e x istin g d a ta w ith b o th th e n on-crossing ru le a n d th e B irge-S poner e x tra p o la tio n s on ly w ith th e follow ing v a lu e s .D(CO) = 11*11 eV , D(N 2) = 9*764, D (N O ) = 6*49, D(CN) = 7*5. T h e c o rresp o n d in g v a lu e o f th e la te n t h e a t o f su b lim atio n o f carb o n is 170*1 k cal./m o l. T his schem e o f v alu es e x p lain s th e re su lts o f re la te d e x p erim en tal m easu re m e n ts a t lea st as w ell as a n y o th e r.
I n t r o d u c t i o n
The energies of dissociation of a num ber of diatom ic molecules have been d eter mined, apparently w ith high accuracy, by observation of predissociation lim its. I n some cases, th e reliability of th e values obtained depends on th e v alidity of certain assum ptions concerning th e degree of excitation of th e products of dissocia tion, and in some cases th e values a t present accepted are very different from th e values expected from extrapolation of known vibrational energy levels to th e dissociation limit.
The recent history of th e supposed determ inations o f th e energy of dissociation o f carbon monoxide, a molecule whose spectrum is well known and has been th e
